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First-row transition metal mellitate complexes display an intriguing variety of structures with a range of coordination polymer dimensionalities. The flexibility of coordinating behavior and the potential incomplete deprotonation of mellitic acid defy rational design of its complexes.
INTRODUCTION
Aromatic polycarboxylic acids are attractive candidates as ligands for the construction of polymeric metal coordination compounds including metal-organic frameworks (porous or otherwise) for a number of reasons. Benzene polycarboxylates offer a combination of rigidity of the aromatic ring with a degree of flexibility in orientation of the individually planar carboxylate substituents, restricted by steric interaction when two or more carboxylates are attached to adjacent ring C atoms, preventing coplanarity. Deprotonation can occur at one or more of the carboxylic acid groups, providing a range of anionic ligands to balance the charge of metal cations, in contrast to uncharged polyamines as ligands. Acid groups retaining their proton usually serve as hydrogen-bond donors, while both uncharged and deprotonated groups can act as hydrogen-bond acceptors. Deprotonated carboxylate groups function as ligand donors in a variety of ways ranging from simple monodentate to chelating and bridging, potentially binding several metal centers. These desirable characteristics are available, not only in benzene polycarboxylic acids themselves, but also in more complex ligands such as carboxylates of polyaromatics and heterocycles in combination with other potential ligand donor sites and functionalities.
Apart from benzoic acid, with only one carboxylate group, there are 11 benzene polycarboxylic acids having 2-6 acid groups and no other substituents. Of these, the most symmetrically substituted 1,3,5-tri-and 1,2,4,5-tetracarboxylic acids (trimesic acid and pyromellitic acid, respectively) along with the three dicarboxylic acids (phthalic, isophthalic, and especially terephthalic) have been most widely used as multidentate ligands in metal complexes; they and expanded versions of them with more than one benzene ring have been key ligands in the development of isoreticular families of porous metal-organic frameworks. 1 The number of entries in the Cambridge Structural Database (CSD, Version 5.35 with updates to February 2014) 2, 3 for metal complexes, salts and ester derivatives of each isomer (with no other substituents on the benzene ring) is shown in Table 1 . 4 We have undertaken studies of the behavior of anions of mellitic acid as ligands in metal complexes as part of a research program in metal-organic frameworks using polycarboxylates, with transition metals, main group metals, and lanthanides, and we present here results for firstrow transition metals (Co, Ni, and Cu); of the 100 CSD entries indicated in 
Synthesis.
Two basic approaches were taken to the synthesis of complexes of late first-row transition metals with anions of mellitic acid. The simple one was direct reaction of a hydrated metal nitrate with mellitic acid itself (H 6 mel) in water, using slow liquid diffusion of the reagent solutions to prevent rapid formation of the product as a microcrystalline powder. A variant was the use of sodium or potassium hydroxide to promote the deprotonation of the mellitic acid; this was carried out both by simple liquid diffusion and by diffusion of reagents into a hydroxideimpregnated silica gel in which deprotonation and complex formation took place. The conditions employed were such that product formation occurred over a period of some weeks in most cases, enabling single crystals of reasonable size to be obtained, suitable for X-ray diffraction; for compounds 6 and 8, however, the crystals were too weakly diffracting for successful conventional laboratory study and had to be investigated with synchrotron radiation.
Where possible with the availability of sufficient material, chemical and phase purity was confirmed by standard microanalysis and powder X-ray diffraction measurements; observed and calculated powder diffraction patterns are provided in the Supporting Information.
Crystal structures. All of the compounds except for 4 were found to be coordination polymers, 11, 12 with analytical and DTA characterization, and our own results show no significant difference; they are included here for completeness of the series and for comparison with the other structures, especially as this compound is found to be isostructural with the nickel analogue, 3. A triclinic polymorph is also known, 13 which has essentially the same coordination polymer chain structure but a different hydrogen-bonding arrangement linking the chains and uncoordinated water molecules together.
The structure of compound 1 may best be described as a metal-organic polymer chain ( Figure 1) consisting of alternating Co 2+ cations and mel 6− anions, each of these components lying on an inversion center; the metal center Co1 is chelated by two adjacent carboxylate groups of each of two ligands, and the ligand serves as a bis-chelate through its 1,2 and 4,5 substituents (O1 and O3 Figure 4 . molecules of water are coordinated to the two nickel ions (5 each), 5 to the potassium ions only, and 2 remain uncoordinated. Figure 6 shows the crystallographic asymmetric unit, to which have been added other symmetry-equivalent atoms sufficient to display the complete coordination environment of all the metal ions, mellitate ions and water molecules in the asymmetric unit. O13-O22 are water molecules coordinated to nickel, O23-O27 are coordinated to potassium, and O28 and O29 are not coordinated. and K2, giving a total coordination number of 8 for K1 in an irregular geometry. K2 is coordinated exclusively by 7 water molecules: 3 of these are aqua ligands on one symmetryequivalent of Ni2, and 2 are aqua ligands on another equivalent of Ni2, these two metal ions being separated by one a-axis repeat, so that K2 also links anionic units along this axis; O24 bridges K2 and K1 as previously noted, and O27 is a terminal ligand for K2. For both K1 and K2 one of the K-O bonds (to carbonyl O for K1, to Ni-coordinated water for K2) is rather longer than the others. It may be noted that all the aqua ligands on Ni1 are terminal, and all of those on Ni2 serve as bridges between nickel and potassium ions.
The only coordinative connection between the a-axis chains is the bridging water molecule attached to both K1 and K2. This connection generates 2D sheets in the ab plane ( Figure 7 ).
Only hydrogen bonds link the sheets together to give a 2D network. Two of the six carboxylate groups of the fully deprotonated mellitate anion remain uncoordinated to either nickel or potassium. terminal aqua ligand each. 19 The structure of compound 4 is thus unprecedented in this respect.
Indeed, all previously reported structures in which mellitate serves as a ligand to any transition metal or lanthanide are polymeric in at least one dimension.
Compound 5.
This Cu compound has a rather more complex structure than those of compounds 1 (Co) and 3 (Ni), which were prepared in the same way. Although no hydroxide was used in the synthesis, OH − anions appear in the structure as bridging ligands between copper centers. All the copper ions are five-coordinate with a coordination geometry close to square-based pyramidal, an aqua ligand occupying the apical site in each case. Cu1 is coordinated by three aqua ligands, one carboxylate group, and a hydroxide ligand that forms a bridge to a symmetryequivalent of Cu4. Cu2, which lies on a crystallographic twofold rotation axis, is coordinated by two carboxylate groups and three aqua ligands. Cu3 has a similar arrangement to Cu2, but it lies in a general position. Cu4 is coordinated by two carboxylates, two aqua ligands, and a hydroxide bridge. All aqua ligands in the structure are terminal, while the single hydroxide in the asymmetric unit bridges two copper ions.
Of the six carboxylate groups of the mellitate anion, four act as monodentate donors to copper ions, one (at C1) uses both of its O atoms to bridge two copper ions (which are also bridged by hydroxide), and one (at C5) remains uncoordinated, but is clearly deprotonated with two almost equal C-O bond lengths and two O atoms that serve as acceptors of three hydrogen bonds each.
The copper and mellitate ions together generate a 2D sheet polymer structure (Figure 9 ), and the sheets are held together by hydrogen bonds, both directly between sheets and via uncoordinated water molecules ( Figure 10 ). We believe that this structure represents a correction of a structure previously reported. 20 represented as protonated, and disorder is proposed as an explanation of the near-equality of its C-O bonds. Our own interpretation of the structure requires no disorder and is based on H atoms that were refined with restraints, starting from positions found in a difference electron density map. 2 O, in which 6 molecules of water are coordinated to the copper ions, 6 to the potassium ions only, and 1 remains uncoordinated. Figure 11 shows the crystallographic asymmetric unit, to which have been added other symmetry-equivalent atoms sufficient to display the complete coordination environment of all the metal ions, mellitate ions and water molecules in the asymmetric unit. O13-O18 are water molecules coordinated to copper, O19-O24 are coordinated to potassium, and O25 is not coordinated. Figure 11 . The asymmetric unit (with labeled atoms) of compound 6 and its coordination environment.
This structure combines some of the features of compounds 5 (a copper compound) and 4 (a compound including potassium). In common with compound 5, the copper ions have a squarebased pyramidal coordination geometry, with a long bond to water in the apical site. Both copper ions in this structure have three aqua ligands and are coordinated by two monodentate carboxylate groups from different mellitate anions; the minor difference between them is that all three aqua ligands on Cu2 are terminal, but one of the three on Cu1 (O13) forms a bridge to a potassium ion (a symmetry-equivalent of K2). Three carboxylate groups of the mellitate anion (at C1, C2, C3 and C5) coordinate to copper ions. The copper and mellitate ions together form a 2D polymer sheet structure ( Figure 12 ). The two potassium ions are both seven-coordinate. K1 is coordinated by two carboxylate groups, one of them monodentate and the other chelating, and by four terminally bound water molecules. K2, by contrast, is coordinated by two adjacent (ortho) carboxylate groups of one mellitate, two different ortho-carboxylate groups of another mellitate, two terminally bound water molecules, and a water molecule acting as a bridge to a copper ion. These coordinative interactions with potassium ions link the copper-mellitate sheets into a 3D network, which is further supported by hydrogen bonding involving the carboxylates, coordinated and uncoordinated water molecules.
Compound 7.
The ingredients here were essentially the same as for compound 6 (but with sodium instead of potassium hydroxide), but the procedure was different, employing a silica gel impregnated with the hydroxide as the reaction medium into which the copper salt and mellitic acid diffused slowly. The product contains neither sodium nor hydroxide ions, and consists entirely of copper ions, coordinated and uncoordinated water molecules, and mellitate anions that here retain one of the acid protons and occur as Hmel 5− . This almost completely deprotonated mellitate is much less common than the fully deprotonated mel 6− , being reported previously in only two transition metal complexes: one of these is the copper compound discussed above, for which the Hmel 5− formulation is probably incorrect, and the other is a manganese compound supposedly containing also the only reported occurrence of the H 3 mel 3− ligand, unprecedented in any transition metal complexes of mellitic acid with a single intriguing exception discussed in detail below, although it has been reported in its cesium salt (H atom not located but assumed to be present either on a carboxylate group or on a water molecule), 26 and in one organic salt. 27 The asymmetric unit of compound7 contains two copper-mellitate-aqua assemblies that are not directly connected to each other; they are shown separately in Figures 13 and 14 , a single representation being too congested for clarity. atoms. This second sheet is shown in Figure 15 . The two types of sheet are stacked alternately along the crystallographic a axis, with uncoordinated water molecules lying in spaces between the sheets, as shown in Figure 16 . which gives the same overall formula as compound 7 except for having 6 rather than 7 uncoordinated water molecules; 28 we note, however, that some of the water molecules (as well as one copper ion) were refined with disorder over partially occupied sites, so the precise water content may not be definitive. H atoms were not located in this structure, but a convincing case is made for the protonation of one specific carboxylate group on each of the two independent 35 mellitate anions on geometrical grounds. At a cursory glance the two structures appear to be essentially the same: transformation of the unit cell of compound 7 from space group Cc to the alternative Ia used in the previous report (refcode VUGBUU in the CSD) gives virtually identical values for two axis lengths, a 0.6 Å longer third axis for compound 7, and a 10° difference in the monoclinic angle. There is, however, a significant difference, revealed in Figure 17 . The copper ion in VUGBUU equivalent to Cu1 in compound 7 does not belong exclusively to one sheet, but is connected to both sheets by long Cu-O(mellitate) bonds in an elongated and angularly distorted octahedral coordination geometry. This structure is thus still a 2D coordination polymer, but consists of double copper-mellitate sheets enclosing Cu(OH 2 ) 4 links. The compound is formulated as [{Cu(OH 2 )(EtOH)(4,4-bipy)} 2 (H 2 mel)]. The asymmetric unit contains half of this formula and is shown in Figure 18 , with its environment as in other Figures. The copper and mellitate ions form a 3D coordination network further supported by the bridging methanol molecules. This network has substantial hexagonal channels perpendicular to the c axis, which contain the 4,4-bipy ligands, coordinating to Cu at one end and hydrogen-bonded to mellitate at the other, thereby extending across the channels ( Figure 19 ). 
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